A new geometry for the flight region in a time-of-flight mass spectrometer is presented. It consists of two opposing electrostatic sectors of about 255°e ach and straight sections with a length appropriate to the turns. The resulting geometry folds into a compact space. The first-order aberrations for position, angle, and energy are all zero. The transverse focusing properties are also excellent. For an energetic, high-divergence ion source such as laser ablation, the sTOF has higher resolution and ion transmission than a reflectron of similar physical size.
Introduction
T ime-of-flight (TOF) mass spectrometers include a relatively long path in which the ions disperse in time. The simplest design is a straight tube. However, ions of the same mass but different energies take different amounts of time to travel down a straight tube, leading to broader peaks and lower resolution. In addition to the spread in initial energy, there are aberrations caused by the initial position in the ion source (both along and perpendicular to the ion flight path), the angle of the ion's path relative to the central path, and the ion formation time. Obtaining high-resolution mass spectra requires minimizing these aberrations.
The reflectron [1] is the most common way to compensate for the spread in initial ion energy, which is often the most important source of peak broadening. Ions with more energy penetrate further into a reflecting electric field, and the extra path length can compensate for the higher velocity in field-free drift regions. A similar compensation can be created with a sector field, which acts like a banked turn for the ions. Ions with higher energy go further up the banking and spend more time in the turn.
The particle analysis by laser mass spectrometry (PALMS) instrument obtains mass spectra of single particles in the atmosphere with laser ionization and a time-of-flight mass spectrometer [2] . It has made measurements on over 150 flights on several different aircraft. The laser ionization produces ions that are very hot, with translational energies probably exceeding 1 eV.
PALMS currently uses a custom two-stage reflectron. A sector design was considered as an upgrade to PALMS for several reasons. Space constraints on the research aircraft mean that the TOF could not simply be made longer. The design of a sector TOF is facilitated by approximate analytical expressions for the time aberrations in electrostatic sectors [3, 4] . Furthermore, a design without grids was desirable. Grids have several disadvantages besides the direct loss of ions hitting the wires. The fine wires can be hard to handle mechanically. The fields near the wires act as lenses that degrade the downstream beam properties [5, 6] . It can be difficult to model the electric fields near the wires. Scattering of ions that skim the wires can introduce long tails or baseline noise into the mass spectra [7] . Although it is possible to build reflectrons without grids [8, 9] , most high-resolution reflectrons have them.
This paper presents the design of a sector analyzer for PALMS and other TOF mass spectrometers. The first-order aberrations for incoming position, angle, and energy are all zero. In addition, the flight path is folded into a compact shape. Data are presented showing improved performance over a reflectron for the same laser ionization conditions.
Design
In a TOF mass spectrometer, it is desirable to have the time spent in the electrostatic sector increase with ion energy. This compensates for the shorter time spent by higher-energy ions in field-free regions [10] . The time spent in the sector should be independent of the initial position and angle. Designs such as those in Poschenrieder [3] have correlated dependencies on position and angle such that the transit time is constant for ions that originate at some external focal point. Or the aberrations for angle and position can be separately equal to zero. This accomplishes the same constant time behavior but removes the requirement for an external focus. Figure 1a shows the first-order time aberrations of a twodimensional (i.e., cylindrical rather than toroidal) electrostatic sector as a function of the included angle of the sector [4] . The first-order aberrations for position and ion entrance angle simultaneously go to zero at π/sqrt(2) radians, or 254.6°. For reasons stated later, this is best rounded up to 255°. The dependence of time on ion energy is positive, as desired. By pairing a 255°sector with a straight section of length π r sqrt (2), where r is the radius, the first-order aberration for energy becomes zero. Such a straight section has the same length as the arc length of the sector. (This is a property of 255°and is not true for other sector angles.) With this straight section, the first-order aberrations for energy, position, and ion entrance angle are all zero A 255°sector angle also has desirable focusing properties as shown in Figure 1b . A given change in input position yields the same change in output position. The output position is independent of small changes in energy or angle. Not shown is similar behavior with angle: for a 255°sector, ions leave at the same angle they enter and small changes in energy or position do not affect the angle at which ions leave. In other words, ions that enter such a sector parallel to each other exit parallel at the same distance apart that they entered.
Somewhat surprisingly, the advantages of this sector angle are not stated in some of the classic papers on TOF sectors [3, 11] . Sysoev [7] described the 255°design and later built a successful mass spectrometer [12] . The reason this sector angle was not used more often seems to be an emphasis on designs with intermediate focal points that the 255°angle does not provide [11] . Such focal points allow elegant designs that are amenable to multi-turn operation whereby ions complete multiple laps through the same sectors [13, 14] . Instead of foci, the 255°design works with collimated input and output beams. This provides an important flexibility because the straight sections can have any combination of length before or after the sector as long as the total straight length equals the arc length of the sector.
When using a single 255°sector, the ion source and detector are neither parallel nor perpendicular to each other, potentially making construction and alignment more difficult. Although Sysoev et al. [12] put their ion source immediately at the entrance to the sector, if there are mechanical constraints that do not allow this position, the ion beams cross and the detector can end up very close to the ion source.
Using a pair of sectors ( Figure 2 ) introduces several advantages. First, it folds the ion path into a compact geometry. Note that this folding is possible because of the flexibility afforded by collimated beams-the sectors can be adjacent to each other rather than having a specified distance to an intermediate focus.
Another advantage of using two sectors is that the output ion beam is parallel to the input beam. Finally, combining a righthand turn with a left-hand turn causes many odd-order aberrations to be zero by symmetry [11] . The straight sections before and after the pair of sectors do not need to have equal lengths. It can be desirable to have the input section shorter so that the ion beam has diverged less between the source region and the sectors. The sTOF geometry would also work with back-toback analyzers for positive and negative ions. The analyzer is designed for a nearly collimated input beam. In the sample design (Figure 3) , an einzel lens near the entrance to the first sector helps control the collimation. The width and spacing of the slits at the entrance and exits of the sectors follow recommendations made for fringing fields by Wollnik [15] and Grivet et al. [16] . Limited SIMION checking of small variations in the width and spacing of the entrance and exit did not show large changes in performance. More details of the design for SIMION modeling are given in the online resource file.
Time-of-flight drift regions should also control the divergence of the beam in the y-direction (along the axis of rotation of the sectors). An infinite cylinder provides neither focusing nor defocusing in this direction. With a perfectly collimated beam, no focusing would be needed. Modeling and experiments with the sTOF show a need for mild focusing in the ydirection to overcome imperfect collimation and the effects of fringe fields. This focusing can be provided either with the einzel lens or by unbalancing the sectors relative to ground. Instead of, for example, +600 V on the outer sector and -600 on the inner sector, the voltages can be 550 and -650. With ground plates above and below the sectors, the unbalanced voltages are equivalent to having Matsuda plates [17, 18] . With slight y-focusing what is called the Bc^parameter is nonzero and the optimum angle for the sector slightly exceeds 254.5°. Hence, it is better to slightly round up the angle to 255°or 256°. SIMION modeling shows that the performance declines significantly beyond about 260°.
It is desirable to be able to electrically fine-tune the effective length of the drift region rather than having to physically position the detector at the exact position for best resolution. The effective length can be changed either with unbalanced sector potentials or by having a portion of a straight section at a different voltage so the ions go through it more slowly or quickly.
Results
A prototype sTOF with a sector radius of 165 mm was mounted on the PALMS laser ionization instrument. The radius is a tradeoff with smaller physical size balanced against better performance for a larger sTOF. The 165 mm radius was chosen to fit within a readily available vacuum housing. Because of mechanical constraints and the position of a gate valve, the sectors had to be mounted relatively farther than desired from the ion source. The sectors were 58 mm high and 22 mm apart, with a narrower gap of 17.2 mm at the top and bottom of the sectors to limit the penetration of fields from the mounting plates above and below the sectors. The entrance and exit slits to the sectors were 12.9 mm wide and 8 mm from the ends of the sectors. For~2.5 kV ions, the sectors were operated at voltages of -600/+600 V to -750/520 V. Unbalancing the sectors improved transmission because of the y-focusing. The sector voltages could be changed by >20 V with little effect on resolution. Figure 4a shows a comparison of Pb isotopes in single submicron particles measured with the sTOF, a commercial single particle laser ionization instrument, and the existing 1990s design PALMS reflectron with a 1.4 m total path and an extra bend to fit it in the airplane. The detectors in both cases are single stage microchannel plates, 25 mm diameter for the sTOF and 38 mm diameter for the reflectron. The mass resolution with the sTOF is about 2000 even for the hot ions from laser ionization. Figure 4b shows the low mass portion of a Figure 2 . Some possible arrangements of 255°sectors with straight sections. From left to right, the geometry of Sysoev et al. [12] , a single sector with equal straight sections before and after, and the sTOF with equal straight sections before and after. All are scaled to have the same total path length spectrum from a single ambient particle about 350 nm in diameter. There are no measurable long tails on the peaks, as shown by the x250 curve after m/z 12. The signal drops over a factor of 5000 to return to baseline between m/z 12 and 13. In Figure 4b the resolution is degraded by the use of a slower logarithmic amplifier with very wide dynamic range [2] .
SIMION modeling suggests that essentially 100% of the ions are transmitted through the sTOF to the detector. Qualitatively, the data match this: comparable signal intensities with the sTOF were obtained at a microchannel plate voltage over 100 V lower than with the reflectron. The microchannel plate absolute gains were not calibrated for a quantitative comparison.
SIMION modeling shows that the sTOF transmits ions to the detector over a wider range of ion input angles than a traditional gridded reflectron. When transferred back to the source, this means that the sTOF can transmit ions that were formed further off-center in the source. For laser ionization from single particles, this happens when particles intersect the ionization laser beam at different positions. The sTOF had slightly more uniform ion intensities than the reflectron, consistent with the notion that the ions from off-center particles were being transmitted to the detector more effectively than with the reflectron. A SIMION gem file is included in the Supplemental Material as a starting point for users who may wish to model sTOF sectors (similar to Figure 3 ) in their system.
Discussion and Conclusions
A new geometry for sector mass spectrometer provides a desirable time-of-flight analyzer. It has excellent resolution and ion transmission even for difficult ion sources such as laser ablation where the initial ion energies can exceed 1 eV. This performance is verified with experiments showing much better resolution than a reflectron when using the same laser ablation ion source.
Ions produced from matrix-assisted laser desorption ionization (MALDI) can have translational energies exceeding several electron volts [19] . The ions come from a complex plume. The sTOF could be well-suited to some MALDI applications. The sTOF is also potentially suited to miniaturization: unit mass resolution could be obtained from a very compact timeof-flight region. Gridless reflectron designs with a lens integrated into the front of the reflectron can produce excellent spectra from a miniature instrument [20] .
Preliminary modeling suggests that a reflectron can have better resolution than the sTOF for ion sources that are well collimated but have a large energy spread along the axis of the drift region. The limit to sTOF resolution arises because a 255°s ector has a non-zero second order aberration for energy [7] , whereas a reflectron can be designed with a zero second order term. The low aberrations for input position and angle give the sTOF better resolution than most reflectrons for ion sources in which the spread in initial transverse ion energy or position is large; recent reflectron designs with integrated lenses may perform better than older designs. In both modeling and data from the prototype unit, the sTOF has better resolution for a pulsed laser source than previous single particle instruments.
